The sensory systems of Boidae and Crotalinae snakes detect subtle differences of thermal infrared energy. The complexity of this ability involves neurophysiological mechanisms with interspecific differences in the anatomy of thermoreceptor organs and functionally in thermal detection ranges and thermal thresholds, with ecological correlations that influence the thermo-reception. However, little is known about the information these snakes obtain and use from infrared radiation. We analyzed the behavioral response of adult Mexican Lance-head Rattlesnakes (Crotalus polystictus) to static thermal stimuli, evaluating the influence of distance from the snake of the thermal stimuli, and its lizardlike or mouse-like shape. The results reveal that C. polystictus is able to detect static thermal stimuli located from 20 to 200 cm away. Head movements and tongue-flicks were the most frequently performed behaviors, which suggests they are behaviors that can facilitate the detection of subtle differences in temperature of static stimuli. In addition, we suggest that stimulus shape and temperature are important in the timing of head orientation and frequency of tongue-flicks. We discuss the possible methodological and sensory implications of this behavioral response in C. polystictus.
22
Introduction 23 The Viperidae and Boidae snakes are families, widely recognized for their ability to detect subtle 24 fluctuations in infrared thermal radiation (<0.003°C; Bullock & Diecke, 1956; Ebert, 2007 ; 25 Bakken & Krochmal, 2007) . The thermal difference between objects, allows these snakes to Grace, 2010) , which converges with visual information in the optical tectum, to create an 28 environmental thermal map (Newman & Hartline, 1981 , 1982 Campbell et al., 2002) .
29
The neurophysiological mechanisms these snakes use to detect thermal contrasts have 30 been widely studied (Newman & Hartline, 1982; Berson & Hartline, 1988; Goris, 2011) . It is 31 known that these mechanisms help snakes find optimal sites for thermoregulation (Bakken & 32 Krochmal, 2007) , perceive images during the ecdysis process (King & Turmo, 1997) , and detect 33 both predators and prey (Noble & Schmidt, 1937; Molenaar, 1992) . However, the functionality 34 of this mechanism is limited by a snake's morphology and its interaction with the environment. 35 For example, variables such as pit diameter and depth may influence the sharpness, strength and 36 contrast of an image and may be correlated with snake habits, habitats, and prey activity periods 37 (Bakken & Krochmal, 2007) .
38
Other investigations have focused on the pit membrane irradiance, which is a function of 39 source dimensions, source-background temperature contrast, and distance (Bakken & Krochmal, 40 2007)). Although the general knowledge about snake thermoreception is widespread, scientists 41 know little about the amount of information that snakes obtain from the infrared spectrum and 42 studies are pending to clarify the effect of prey shape and distance as variables that may be 43 involved in a snake's reaction and its ability to detect temperature differences.
Only a few behavioral studies have explored the detection of snake thermal stimuli. The 45 present work investigates the thermal detection, measured as the thermal irradiance contrast of a 46 target against the background at different distances, and the resulting ability of the Mexican 47 Lance-head Rattlesnake (Crotalus polystictus) to detect two forms of prey stimulus using a 48 behavioural approach. The advantage of behavioral studies is that the reception and assimilation 49 of thermal signals is displayed as a whole across the behavioural reaction of the snakes, while 50 studies of thermal infrared imaging in the facil pit, center only on certain features of the thermal 51 perception or processing (Ebert & Westhoff, 2006) . Crotalus polystictus is a medium-sized snake 52 with a total length of up to 800 mm ( 116 megapixels, Dolby Laboratories, Japan) for four consecutive minutes. The first two minutes of 117 video recording was a no-thermal contrast treatment in which the thermal stimulus was kept at 118 24 ± 1°C, similar to room temperature. At two minutes, the heating mechanism to the thermal 119 stimulus was turned on and it gradually increased the temperature of the stimulus to 29 ± 1°C in 120 86 ± 3.4 s (34.8 ± 3.7 s to up the first °C and 11.8 ± 1.9 s between each posterior °C). During this 121 time, the snake was videotaped (for a total of two minutes) to record its behavioral response to The tests were conducted at night, from 1900 to 2400 hours in order to not alter the 127 snakes' circadian rhythm and to coincide with the period of greatest activity recorded for C. 
148
For latency analysis, we used only behaviors registered when the stimulus temperature 149 reached 29°C due to the interests in the responses caused by the thermal stimulation and because 150 only some snakes showed a minimal and individual behavioral activity at room temperature 151 (24°C). Thus, we proceeded to perform a two-way ANOVA (stimulus shape and distance).
152 Finally, because in natural conditions the behavioral response to a thermal stimulus involves a 153 combination of different sensory systems, we applied a three-way ANOVA (stimulus shape, 154 distance, and behaviors) for latency and frequency at 29°C. When the significance level was ≤ 155 0.05, we used the post-hoc Student-Newman-Keuls test. We used the statistical program Sigma 156 Stat version 3.5, and for all results we reported behavior frequencies transformed by square root 157 (Zar, 1984) . Data are represented as the mean ± 1 SE.
Results

159
Each behavior in C. polystictus showed different frequencies, but neither shape nor distance of 160 stimulus had any effect on the frequencies of each behavior (three-way ANOVA, behavior, F 2 = 161 4.92, P = 0.009; distance, F 9 = 0.82, P = 0.59; shape, F 1 = 0.35, P = 0.55). The interactions 162 between behavior frequencies, distance, and shape were not significant (P > 0.05, Student- 163 
Newman-Keuls post hoc).
164
The three-way ANOVA indicated that the head orientation and the tongue-flick had the 165 highest frequencies (2.32 and 2.27, respectively; Fig. 4B ). The latency was similar for all 166 distances (F 9 = 1.91, P = 0.06), and for all registered behaviors (F = 2.58, P = 0.08), however, 167 there is a slight tendency (P = 0.08) in which the pupil orientation was the first behavior 168 performed in response to the thermal increase of the stimulus (Fig. 4A) .
169
Although few snakes had a minimum behavioral activity in the absence of thermal 170 contrast (when both stimulus temperature and room temperature were at 24°C). The snakes 171 responded more frequently to both stimulus shapes (lizard and mouse) when they gradually 172 increased in temperature to 29°C (tongue-flicks, F = 37.81, P = 0.001), head orientation (F = 173 56.89, P = 0.001), and pupil orientation (F = 48.81, P = 0.001; Fig. 5 ).
174
Only at 20 cm from the stimulus did the snakes direct more tongue-flicks to the mouse-175 like shape than to the lizard-like shape (20 cm; Fig. 6 ). The latency of the snakes was lower for 176 the lizard-like stimulus (49 s), than for the mouse-like (67 s; F = 3.89, P = 0.055; Fig. 7 ). Neither 222 This raises the possibility that the surface temperature of three-dimensional prey of the mouse-223 like stimulus generates a greater thermal contrast and facilitates the perception of distant stimuli. 224 Under these assumptions, we should mention that thermal sharpness is favored by short distance 225 whereas thermal contrast is favored by long distances such as 200 cm.
226
The subtle way of initiating the detection of a thermal stimulus by means of the pupil 227 orientation by C. polystictus manifests a stealth behavior of great biological relevance for cryptic 228 animals (Cundall & Greene, 2000) whose survival depends on their camouflage and immobility. 229 The study of head orientation is important because the behavior can result in greater frequency of 230 detection of contrast of immobile thermal objects (Goris & Terashima, 1973) . Head orientation 231 and movement is integrated with tongue-flicks for chemo-recognition and chemical confirmation 232 of stimuli previously detected via other sensory systems.
233
The register of certain behavioral activity of C. polystictus at 24°C of room temperature is 234 due to the exploratory and basal nature exhibited by some snakes after certain periods of 235 inactivity. Nevertheless, the artificial stimulus temperature, and the increased behavioral 
